During homologous recombination (HR)-mediated DNA double-strand break (DSB) repair in eukaryotes, an initial step is the creation of a 3 0 -single-stranded DNA (ssDNA) overhang via resection of a 5 0 end. Rad51 polymerizes on this ssDNA to search for a homologous sequence, and the gapped sequence is then repaired using an undamaged homologous DNA strand as template. Recent studies in eukaryotes indicate that resection of the DSB site is promoted by the cooperative action of RecQ helicase family proteins: Bloom helicase (BLM) in mammals or Sgs1 in yeast, and exonuclease 1 (Exo1). However, the role of RecQ helicase and exonuclease during the 5 0 -resection process of HR in plant cells has not yet been defined. Here, we demonstrate that overexpression of rice proteins OsRecQl4 (BLM counterpart) and/or OsExo1 (Exo1 homolog) can enhance DSB processing, as evaluated by recombination substrate reporter lines in rice. These results could be applied to construct an efficient gene targeting system in rice.
Introduction
Homologous recombination (HR) is a DNA double-strand break (DSB) repair system used at the S-G 2 phase of the cell cycle when sister chromatids are available as templates (Heyer et al. 2010 ). This feature can be exploited for gene targeting (GT), in which exogenously supplied vectors are used as templates instead of the sister chromatids, and part of the vector sequence can be incorporated into the host genome via the HR process. The initial steps of HR-mediated DSB repair are: (i) processing of DSBs to create a 3 0 -single-stranded overhang; (ii) polymerization of Rad51 on this ssDNA; (iii) a Rad51-DNA filament-directed homology search; (iv) strand invasion into undamaged homologous template duplex DNA; and, finally, (v) formation of a D-loop structure that can be processed further by synthesis-dependent strand annealing (SDSA) during mitotic HR (Heyer et al. 2010, Symington and Gautier 2011; see Fig. 1) .
Precise modification of the plant genome by GT is important both for the study of gene function in vivo and for the molecular breeding of plants. Since the first report of this technique (Paszkowski et al. 1988) , several successful GT studies have been reported in plants, but the frequency of GT is still insufficient. Several approaches towards the establishments of an efficient GT system in plants have been tested (Saika and Toki 2009 , Lieberman-Lazarovich and Levy 2011 , Fauser et al. 2012 . Among these, specific cleavage of the target gene in the genome via artificial endonucleases such as zinc finger nucleases (ZFNs) or TAL effector nucleases (TALENs) is a promising approach, since the starting point of GT is the induction of a DSB at the target gene. ZFNs are chimeric proteins composed of a synthetic zinc-finger-based DNA-binding domain fused to a DNA cleavage domain. Similarly, TALENs are composed of a synthetic transcription activator-like (TAL) effector (DNA binding) fused to a DNA cleavage domain; ZFNs and TALENs recognize a specific DNA sequence of the target gene and induce DSBs specifically (Durai et al. 2005 , Cermak et al. 2011 . ZFN-mediated GT has been applied successfully to the acetolactate synthase (ALS) gene in tobacco (Townsend et al. 2009) and to the inositol-1,3,4,5,6-pentakisphosphate 2-kinase (IPK1) gene in maize (Shukla et al. 2009 ). However, we think that the frequency of GT could be further improved by enhancing the processing of DSBs.
DSBs are repaired not only by HR but also by nonhomologous end joining (NHEJ), a simple error-prone endjoining mechanism that is a major pathway of DSB repair in plants. Assuming a competition model of HR and NHEJ, it has been suggested that suppression of the NHEJ pathway could enhance HR and GT. Ku70, Ku80, Lig4 and XRCC4 are major proteins involved in NHEJ that are found in all eukaryotes (Singh et al. 2010, Symington and Gautier 2011) . It has been reported that transient deficiencies of Ku70 and Xrcc4 increased GT in human somatic cells (Bertolini et al. 2009 ). Deletion of AtLig4 enhanced the frequency of GT in the AGL4 gene of Arabidopsis (Tanaka et al. 2010) . Most recently, we reported that NHEJ is involved in Agrobacterium-mediated stable transformation in rice and that there is a competitive and complementary relationship between the NHEJ and HR pathways for DSB repair in rice (Nishizawa-Yokoi et al. 2012) . Thus, it has been speculated that a combination of the induction of DSBs by ZFNs at the target gene and suppression of NHEJ could stimulate GT synergistically.
If we can regulate the choice of DSB pathway, the next approach towards increasing HR would be to enhance processing of DSB sites. This step is further divided into two steps in yeast: (i-a) initial resection of the 5 0 ssDNA by an MRX complex and Sae2; and (i-b) subsequent long-range resection of the 5 0 end by exonuclease 1 (Exo1) and RecQ helicase protein Sgs1 (Mimitou and Symington 2008, Zhu et al. 2008 ; see Fig. 1 ). Recent biochemical studies in vertebrates have also indicated that Bloom helicase (BLM; Sgs1 counterpart in vertebrates) and Exo1 promote resection of DSBs (Gravel et al. 2008 , Nimonkar et al. 2008 . Furthermore, using a model GT system, the frequency of DSB-induced GT was enhanced drastically by overexpression of either BLM or Exo1 in chicken DT40 B lymphocytes (Kikuchi et al. 2009 ).
BLM is a member of the RecQ helicase family, which plays an important role in HR. The RecQ protein is conserved from bacteria and yeast through to mammals and to plants (Singh et al. 2009 , Bernstein et al. 2010 . The mammalian RecQ helicase family is involved in multiple processes of DSB repair, e.g. BLM promotes resection of DNA strands (Singh et al. 2011) . Several studies on RecQ-related proteins have been reported in plants. AtRecQ4A-the BLM counterpart in Arabidopsis-was reported to be involved in HR and DNA repair (BagheriehNajjar et al. 2005 , Hartung et al. 2007 . In rice, the presence of seven RecQ-like genes was reported (Hartung and Puchta 2006) . Several RecQ family proteins have been isolated in rice (Saotome et al. 2006) , but an AtRecq4A counterpart has not yet been reported. We isolated OsRecQl4 as the AtRecQ4A counterpart in rice, and revealed its function in rice root apical meristem (RAM) using a knockout mutant of OsRecQl4 (Y.-I.
Kwon et al. unpublished results).
Exo1-a 5 0 to 3 0 exonuclease involved in HR and DNA mismatch repair-has been isolated from fission yeast, budding yeast and humans (Szankasi and Smith 1992 , Szankasi and Smith 1995 , Fiorentini et al. 1997 , Schmutte et al. 1998 , Tishkoff et al. 1998 ). Long-range resection in the vicinity of DSBs in yeast is achieved by the cooperative reaction of Sgs1 (RecQ helicase in yeast) and Exo1, and affects the frequency of SDSA-mediated HR and single-strand annealing (SSA) (Mimitou and Symington 2008 , Zhu et al. 2008 . DNA resection is also promoted by BLM helicase and hExo1 nuclease (human Exo1) in humans. In this latter case, BLM, but not other RecQ-like proteins, could interact with Exo1 (Nimonkar et al. 2008) . Recently, molecular cloning and characterization of the Exo1 counterpart in rice has been reported (Furukawa et al. 2008) . OsExo1 complemented ScExo1 function in yeast. OsExo1 was highly expressed in meristematic tissues and panicles. Expression of OsExo1 was decreased by treatment with cell cycle inhibitors and enhanced by UV treatment, suggesting its role during the processes of DNA replication and DNA repair.
In this study, the frequency of HR-mediated DSB repair was measured using a break-inducible recombination substrate reporter system in rice. We show that overexpression of OsRecQl4 helicase and/or OsExo1 nuclease enhances the frequency of resection of DSB ends, which could lead to increased HR and GT in rice.
Results

Introduction of an inducible DSB-HR marker into rice
The binary vector pGU.C.USB, containing a break-inducible GU-US recombination substrate system (Siebert and Puchta 2002) , was used in this study ( Fig. 2A) . The direct-repeat recombination substrate can be restored not only via an SDSA-mediated HR pathway but also via the SSA pathway (Fishman-Lobell et al. 1992 ). The T-DNA region of pGU.C.USB was introduced into rice (Oryza sativa) japonica cultivar Nipponbare using an Agrobacterium-mediated method (Toki 1997) . Transformed calli were selected against bialaphos and analyzed by Southern blotting (Supplementary Fig. S1 ). Independent transgenic callus lines harboring a single copy of the recombination substrate construct were selected and regenerated into plantlets. T 0 plantlets were transferred to a greenhouse and grown into mature plants. Self-fertilized seeds (T 1 ) from each T 0 plant were collected separately and used for further analysis. Two-week-old T 1 seedlings were stained with X-gluc. b-Glucuronidase (GUS) blue spots were observed on leaf blades, leaf sheaths, endosperms and roots under normal growth conditions without induction of DSBs at the I-SceI site (Fig. 2B) , as also reported by Yang et al. (2010) with a similar GUS recombination substrate system in rice.
Restoration of the GUS gene by inducible expression of I-SceI
To evaluate whether GU-US recombination substrate lines could be used to monitor break-induced restoration of the 0 -single-strand overhang via resection of 5 0 ssDNA (if there are repeat sequences near the DBS, go to step vi, if not continue to the next step); (ii) polymerization of Rad51 on this ssDNA; (iii) a Rad51-DNA filament-directed homology search; (iv) strand invasion into undamaged homologous template duplex DNA; and, finally, (v) formation of a D-loop structure that can be processed further by synthesis-dependent strand annealing (SDSA) during mitotic HR. In the alternative pathway, (vi) the 3 0 -single-strand overhang slides into the nearby homologous sequence; and (vii) the gap is repaired by single strand annealing (SSA).
GUS gene, a chemical-inducible I-SceI cassette was further transformed into independent GU-US lines. In this cassette, the I-SceI gene is under the control of a b-estradiol induction system (Supplementary Fig. S2 ) (Zuo et al. 2000) . T 1 seeds from each T 0 GU-US line were inoculated into callus induction medium containing bialaphos to remove segregated-out wild-type seeds. After 2 weeks, bialaphos-resistant primary calli were transferred to fresh medium and subcultured for another 2 weeks to induce secondary callus. The b-estradiolinducible I-SceI cassette was introduced into these secondary calli and selected against hygromycin for 2 weeks. Hygromycinresistant calli were cultured for a further 2 weeks on fresh medium, and expression of I-SceI was induced by treating with b-estradiol or dimethylsulfoxide (DMSO; control) for 24 h. After treatment with chemicals, the frequency of restoration of the GUS construct was assessed by GUS histochemical staining and Southern blot analysis (Fig. 3A) .
As shown in Fig.3B , induction of I-SceI expression via b-estradiol treatment resulted in a significantly increased number of blue spots compared with the untreated control. This result suggested that enhanced restoration of the GUS gene occurred upon DSB induction at the I-SceI site in the GU-US recombination substrate. However, it was difficult to evaluate the increment of blue spots quantitatively, since we could not count the number of blue spots precisely: to our surprise, many tiny blue spots were observed in a small area of callus, and spots were sometimes stuck together due to cell division and/or in the course of GUS staining.
Severing of GU-US recombination substrate by inducible expression of I-SceI
To confirm further I-SceI digestion at the molecular level, GU-US recombination substrate lines were assessed by Southern blot analysis. The C-terminal part of the GUS sequence (600 bp), which is devoid of the overlapping sequence in the GU-US construct, was used as a probe (Fig. 4A-a) . Since the EcoRI and HindIII sites are unique in the GU-US recombination substrate construct, genomic DNA extracted from calli of GU-US lines was digested with these enzymes and analyzed. Without I-SceI digestion, EcoRI/HindIII double digestion should yield a 5.6 kb fragment that will be detected by the probe as shown in Fig. 4A -a. Further digestion of this fragment with I-SceI divides this 5.6 kb fragment into three fragments. Of these, fragments of 2.1 and 4.9 kb (via partial digestion with I-SceI) could be detected by the probe if further resection does not occur in the plant cells due to endogenous nucleases. Furthermore, HR or SSA using overlapping sequence yields fragments of 2.8 kb, while simple end joining at the I-SceI site yields fragments of 3.4 kb (Fig. 4A-b, c) .
As shown in Fig. 4B , 2.8 kb bands were detected in the control experiment without b-estradiol treatment, indicating either spontaneous restoration of the GUS gene or break-induced restoration due to leaky expression of I-SceI. After b-estradiol treatment, bands of 2.1 and 4.9 kb were observed, indicating partial digestion of the GU-US construct by I-SceI (Fig. 4B, lane 4) . The presence of 2.8 kb bands suggested the occurrence of HR or SSA. The presence of a faint and broad band at around 3.4 kb indicated the occurrence of NHEJ after I-SceI digestion. The intensity of the 4.9 kb band was stronger than that of the 2.1 kb band, suggesting HR or SSA between the two 35S promoter sequences located either side of the 'GU' sequence ( Fig. 4A-d) . On the other hand, a 3.4 kb fragment was not clearly present, and bands at 4.9 and 2.8 kb were weaker and stronger, respectively, in lane 1 compared with lane 4, suggesting the relatively strong digestion of two I-SceI sites and subsequent HR in the sample in lane 1. In lane 2, bands of 2.1 and 4.9 kb were detected, indicating digestion of the GU-US construct by I-SceI. However, bands indicating DSB repair were not detected. In lane 3, the band pattern was the same as in the control experiment without I-SceI induction, indicating the occurrence of spontaneous restoration or break-induced restoration due to leaky expression of I-SceI, before induction of I-SceI expression by b-estradiol treatment. Alternatively, the I-SceI site might already have been restricted by the leaky expression of ISceI and repaired by the illegitimate NHEJ pathway (5.6 kb), before induction of I-SecI with b-estradiol, thus 2.1 and 4.9 kb bands were not detected (Fig. 4B) .
Inducible expression of I-SceI resulted in several different patterns of digested DNA fragments when analyzed by Southern blot. We think that the results observed depend greatly on the location of the GU-US recombination substrate construct and I-SceI expression cassette in the rice genome, and on the physiological state of the clump of calli analyzed. Thus, although it is difficult to evaluate the relationship between the number of GUS spots and rate of HR estimated from the results of Southern blot analysis, nevertheless the results presented here show that GU-US recombination substrates were successfully digested by induced I-SceI and subsequently repaired by HR and/or SSA, or NHEJ, indicating the usefulness of our break-inducible GU-US recombination substrate rice lines for evaluation of the effect of enhanced resection on the frequency of DSB repair in rice.
Frequency of break-induced GUS gene restoration is enhanced by OsExo1 and/or OsRecQl4
We next asked whether overexpression of the counterpart proteins of either BLM and/or Exo1 in rice could enhance break-induced HR or SSA of the GU-US recombination substrate. We investigated the frequency of GUS gene restoration using the following expression constructs: Pubi::OsExo1::TrbcS, Pubi::OsRecQl4::TrbcS and P2X35S::I-SceI::Thsp. The OsExo1 or OsRecQl4 constructs were inserted into the pZK2 binary vector, OsExo1 and I-SceI were inserted in the pZK2 binary vector, OsRecQl4 and I-SceI were inserted in the pZD202 binary vector, and OsExo1, OsRecQl4 and I-SceI were inserted into pZD202 ( Supplementary Fig. S2) .
In this experiment, we aimed to express effector constructs for DSB repair processing via transient expression rather than by chemical induction. Since we considered that an inducible expression system displaying leaky expression of ISceI and stable overexpression of OsExo1 would be toxic to rice, we chose to express the effector constructs transiently ( Supplementary Fig. S3 ). Primary calli from lines #2 and #6 were induced as described previously, and secondary calli were mixed and transformed with vectors harboring the I-SceI, OsRecQl4 and OsExo1 expression cassettes, or combinations of I-SceI/OsExo1 or I-SceI/OsRecQl4, or all three genes, via Agrobacterium-mediated transformation. GUS spots were stained and examined 10 d after transformation (Fig. 5A) .
In line #6, which showed approximately two blue spots per 100 mg of calli in the control, overexpression of I-SceI increased the number of GUS spots 2.3-fold, overexpression of OsExo1 increased GUS spots 3.6-fold and overexpression of OsRecQl4 increased GUS spots 2.5-fold. Overexpression of OsExo1 or OsRecQl4 with I-SceI increased the number of GUS spots by 18-or 15-fold, respectively. Furthermore, we observed a synergistic effect of OsExo1 and OsRecQl4; a 29.8-fold increment was observed (Fig. 5B) . However, in line #2, which showed approximately 20 blue spots per 100 mg of calli even in the control, no effects of the expression of each of the three genes were apparent ( Supplementary Fig. S4 ). Nevertheless, both lines demonstrated that enhanced restoration of the GUS gene occurred upon DSB induction by I-SceI with OsRecQl4 or OsExo1. The results presented here suggest strongly that OsRecQl4 and OsExo1 enhance processing of the 5 0 end resection step after DSB induction by transiently expressed I-SceI and subsequent repair by HR and/or SSA in rice (Fig. 1) . 
Discussion
Establishment of a DSB repair monitoring system in rice
In the experiment presented here, enhanced processing of DSBs in rice was tested using a break-inducing GU-US recombination substrate system. Although production of a recombination substrate line in rice has already been reported (Yang et al. 2010) , we wanted to establish a rice line in which DSBs can be induced specifically in the GU-US recombination substrate. We used the DSB-inducible GU-US recombination substrate reported (Siebert and Puchta 2002) .
We evaluated our rice GU-US lines following induction of expression of the I-SceI construct with b-estradiol treatment, and observed an increase in the number of blue GUS spots, indicating enhanced restoration of the GUS gene; restricted fragments with I-SceI were confirmed by Southern blot analysis. However, we could not evaluate the level of enhancement quantitatively as the number of GUS blue spots induced upon I-SceI induction was too high to count. Furthermore, we considered that stable transformation of OsExo1 might be toxic for rice cells even when using the b-estradiol induction system. Therefore, we decided to overexpress I-SceI and the other effector genes-OsRecQl4 and OsExo1-by transient expression via the Agrobacterium-mediated method. Despite the fact that only the surface of GU-US-harboring callus was infected with Agrobacterium, thus further limiting the number of cells with transferred T-DNA, we were able to detect enhanced GUS spots in I-SceI-transformed callus #6.
In our system, digestion at the I-SceI sites does not lead to a functional GUS gene directly, but rather to an elimination of the sequence inserted between the repeats (as shown in Fig. 4) , and increases the chances of restoring the GUS gene by SSA and SDSA far more than in the case of spontaneous recombination without DNA breaks. Overexpression of OsRecQl4 and/or OsExo1 with the combination of I-SceI digestion further enhances the frequency of GUS restoration, probably due to enhanced resection of the I-SceI sites (Fig. 5B) . We wanted to evaluate the frequency of recombination by Southern blot analysis, and try to correlate this with the data of GUS blue spots. However, since only the surface of the rice calli could be transformed with Agrobacterium, in practice it was impossible to Calli of T 1 seeds harboring the recombination substrate system were selected for 7 d on medium containing bialaphos. The selected calli were subcultured for 14 d to induce secondary calli. Healthy secondary calli were selected and subcultured for 14 d to amplify calli. The secondary calli were mixed well and transformed with effector cassettes. After 10 d, histochemical GUS staining was performed to evaluate the frequency of restoring GUS genes. (B) Overexpression of either I-SceI or OsExo1 or OsRecQl4 increases GUS spots. Furthermore, overexpression of OsExo1 and/or OsRecQl4 together with I-SceI increases GUS spots significantly. Line #6 shows the synergistic effect of OsExo1 and OsRecQl4. The x-axis shows the number of GUS spots per 100 mg of calli. Fold values are indicated above the bars. As a control experiment, mock-transformed calli were analyzed. The error bars represent the standard deviation. The asterisks denote significant fold increases (P < 0.05).
isolate transformed cells exclusively for Southern blot analysis. Therefore, we did not use the data from Southern blot analysis for the quantitative analysis of recombination frequency.
OsRecQl4 and OsExo1 stimulate processing of DSB sites
The involvement of Sgs1/BLM in the 5 0 -end resection step after DSB induction has been indicated in several reports. Long-range 5 0 -end resection at DSB sites was found to be reduced in sgs1 or exo1 mutants (Zhu et al. 2008) . Linearized doble-stranded DNA was shown to be resected by human Exo1 or human BLM protein (Nimonkar et al. 2008 ). In addition, redundant roles of Sgs1/BLM and Exo1/hExo1 in the 5 0 resection pathway have also been reported (Gravel et al. 2008 , Mimitou and Symington 2008 , Nimonkar et al. 2008 , Zhu et al. 2008 .
The Arabidopsis BLM counterpart AtRecQ4A suppresses HR under normal growth conditions (Bagherieh-Najjar et al. 2005 , Hartung et al. 2007 ). However, the atrecq4A mutant exhibited a decreased frequency of break-induced HR via SDSA (Mannuss et al. 2010) . Ectopic expression of Escherichia coli RecQ in rice enhanced extra-chromosomal HR frequency (Li et al. 2004) . The E. coli gene might play a different role or may interfere with intrinsic RecQ in rice, or indeed the mechanisms controlling extra-chromosomal and intra-chromosomal HR might be different (Bagherieh-Najjar et al. 2005) .
The data presented in Fig. 5 clearly indicate that overexpression of either OsRecQl4 or OsExo1 can enhance the processing of DSBs for efficient HR and SSA. BLM promotes resection of DNA strands in the 5 0 -ssDNA resection step, and also removes Rad51 from ssDNA after invasion of the template (Singh et al. 2011) . Thus, overexpression of OsRecQl4 might also stimulate removal of Rad51 from ssDNA. It is interesting to note that overexpression of either OsRecQl4 or OsExo1 alone, without I-SceI digestion, leads to increased numbers of GUS spots. This result suggests that spontaneously occurring DSBs in the GU-US construct were also progressively processed by overexpressed OsRecQl4 or OsExo1. Although overexpression of OsRecQl4 is able to enhance HR (most probably by resection), this does not automatically mean that OsRecQl4 is the only RecQ helicase that might be involved in DSB processing under normal conditions, as there are seven RecQ helicases in the rice genome (Hartung et al. 2006 , Saotome et al. 2006 . Redundancy of RecQ proteins involved in processing of DSB ends has been reported in mammals (Singh et al. 2011) .
In line #2, which showed many blue GUS spots even in the control, the effects of expression of I-SceI, OsExoI and OsRecQl4 were not apparent. Similarly, a clear synergistic effect of OsRecQl4 and OsExo1 overexpression on the processing of DSBs was observed in line #6 but was less obvious in line #2. A position effect of the GU-US construct in the genome might affect the efficiency of DSB end processing. Further studies with increased numbers of GU-US lines would help to clarify this point.
With a direct repeat GU-US recombination substrate, a functional GUS gene can be generated mainly by the SSA pathway, with SDSA playing only a minor role ).
However, both SSA and SDSA require the resection step (Mannuss et al. 2010, Symington and Gautier 2011) . Therefore, frequencies of SDSA and GT could also be enhanced by break induction with overexpressed OsRecQl4 and/or OsExo1. Actually, when setting up a practical GT experiment using artificial restriction enzymes such as ZFNs or TALENs, direct repeat sequences do not usually flank the induced DSB site; resected DSBs cannot be finally repaired by SSA. Therefore, resected DSBs are repaired preferentially by SDSA using sister chromatids or exogenously supplied targeting vectors. We are currently testing the effects of enhanced OsRecQl4 and/or OsExo1 on ZFN-assisted gene targeting in rice.
The results presented here are compatible with those of Kikuchi et al. (2009) who showed enhanced break-induced HR by overexpression of either chicken BLM or chicken Exo1 in a model GT system in the chicken B lymphocyte cell line DT40. Both results suggest that a GT system improved by enhancing a resection step of the SDSA pathway could be generally applied in higher eukaryotes.
Apart from GT technology, removal of the positive selection marker genes from transgenic plants is an important task for the commercialization of genetically modified (GM) crops. When direct repeat sequences are present on both sides of the marker gene, marker genes can be eliminated by SDSA or SSA. The results presented here could be applied directly to the efficient removal of marker genes via the SDSA pathway.
Materials and Methods
Rice transformation
Agrobacterium-mediated transformation of rice (O. sativa L. cv. Nipponbare) was performed basically as described previously (Toki 1997 , Toki et al. 2006 , except that Agrobacterium was disinfected after co-cultivation with 12.5 mg l -1 meropenem instead of carbenicillin. The co-cultured calli were transferred to N6D medium containing suitable antibiotics (5 mg l -1 bialaphos for GU-US recombination substrate, 50 mg l -1 hygromycin for the pXVE::I-SceI cassette) with 12.5 mg l -1 meropenem.
Histochemical staining of GUS expression
Histochemical staining of GUS protein was performed as described by Jefferson et al. (1987) . To facilitate the penetration of GUS staining buffer, plant tissues were cut into small segments of approximately 1 cm 2 and callus was divided into small pieces of about 2-3 mm 3 . These tissues were vacuum infiltrated in X-Gluc staining buffer for 3Â 10 min and incubated for 3 d at 37
C. Calli were subsequently bleached with 70% ethanol, and then observed under a dissecting microscope. Events restoring GUS gene expression were scored as separated blue sectors within the calli; one sector represents one event.
Induction of I-SceI enzyme
17-b-Estradiol (Sigma) was dissolved in DMSO. DMSO alone had no effects on GUS gene expression. Chemical treatment of calli was carried out in liquid N6D medium supplemented with 20 mM b-estradiol or DMSO (control).
Genomic DNA extraction and Southern blot analysis
Genomic DNA was extracted from rice calli transformed with the GU-US recombination substrate using Nucleon PhytoPure (GE Healthcare) according to the manufacturer's protocol. A 1 mg aliquot of DNA was double digested by restriction endonucleases EcoRI and HindIII, separated on a 1% agarose gel, and transferred onto a positively charged nylon membrane (Roche). Probe DNA was labeled using a PCR DIG probe synthesis kit (Roche) with a set of primers (5 0 -CATGAAGATGCGGACTTA CG-3 0 and 5 0 -ATCCACGCCGTATTCGG-3 0 ), and hybridized according to the DIG Application Manual (Roche). Hybridization was performed at 42 C, and washing was performed under high-stringency conditions at 68 C.
Construction of vectors
The binary vector pGU.C.USB harboring the GUS recombination substrate (Siebert and Puchta 2002 , Fig. 2 (Furukawa et al. 2008 ) was processed in the same way as the OsRecQl4 expression construct, yielding pZPubiExo1Trbc. For construction of the I-SceI expression cassette, the synthetic NLS-FLAG-I-SceI (optimized codon usage for rice) gene was cloned into the NcoI/SacI sites between the 2Â CaMV35 promoter:: (P2X35S) and the rice heat shock protein 17.3 terminator (Thsp) of pENTR. This I-SceI expression cassette was digested with AscI/PacI and cloned into pZK2. The selection marker, a kanamycin resistance (nptII gene) cassette harboring the open reading frame (ORF) under the control of the nopaline synthase promoter (Pnos) and the glyceraldehyde-3-phosphate terminator (TG3p), was digested with AscI/PacI and cloned into pENTR (Life Technologies). To express the effector together with I-SceI, a cassette of Pnos::nptII::TG3p in pE(L1-L4), Pubi::OsExo1::TrbcS in pE(L1-L4), Pubi::OsRecQl4:: TrbcS in pE(L4-L3) or P2X35S::I-SceI::Thsp in pE(L3-L2) was combined and cloned into the pZD202 vector using Multisite-gateway Pro (Life Technologies) ( Supplementary  Fig. S3 ). The procedure was performed according to the Multisite-gateway Pro Manual (Life Technologies). An inducible construct expressing I-SceI was constructed as follows. A P G10-90 ::XVE::T E9 cassette region was amplified by PCR from pER8 with primers 5 0 -GGTACCATAGTTTAAACTG AAGGCGG-3 0 and 5 0 -GTCGACGTTTGGGATGTTTTACTCC TC-3 0 . The amplified PCR product was cloned into pCR-Blunt II-TOPO (Life Technologies). The P G10-90 ::XVE::T E9 cassette was digested with KpnI/SalI and cloned into pZH2B (Kuroda et al. 2010) , yielding pZH_XVE (Okuzaki et al. 2011 ). NLS-FLAG-I-SceI was amplified by PCR from pENTR using primers 5 0 -CACCCTC GAGCTTACCATGGGGTAAATTCTAGT-3 0 and 5 0 -TTGGGGA ATCTAGAGCTCTTATCACTTGAGGAAGGTCTCCGA-3 0 . The amplified PCR product was digested with XhoI/XbaI and cloned into the XhoI/SpeI site of the pPlex-Ter vector (Okuzaki et al. 2011 ) containing the Plex::MCS::T3A fragment of pER8 (Zuo et al. 2000) cloned into pUC198AM (Kuroda et al. 2010) , yielding pPlexI-SceIT. The pPlexI-SceIT was digested with AscI/MluI and cloned into the AscI site of the binary vector pZH_XVE with the pLex::XVE::T3A cassette, yielding pXVE::I-SceI. 
